Background. The ventro-lateral thalamus is the stereotactic target of choice for severe intention tremor. Nevertheless, the optimal target area has remained controversial, and targeting of the subthalamic area has been suggested to be superior.
Introduction
Deep brain stimulation (DBS) within the ventro-lateral thalamus is an effective treatment for tremor, the most common movement disorder, irrespective of aetiology [2, 4, 7, 9, 10, 23, 37, 43, 55, 56, 60, 65] . The ventrolateral thalamus has been introduced by Hassler [26, 27] and later adopted by numerous stereotactic centers for the treatment of tremor and other hyperkinetic disorders [1, 8, 13, 22, 32, 34, 49-51, 60, 68] . According to intraoperative electrophysiological mapping the nucleus ventralis intermedius has been suggested as the principle target area within the ventro-lateral thalamus for tremor control [1, 32, 49, 51] . The ventralis intermedius nucleus (Hassler's nomenclature) is part of the ventro-lateral motor thalamus and equivalent to Hiarai and Jones posterior ventro-lateral nucleus (VLp) [31, 39, 44] . This represents the thalamic subnucleus receiving cerebellar afferents and projecting to the primary motor cortex (Brodman's area 4).
However, detailed post-mortem studies performed by Hassler revealed that lesions associated with the best effect on Parkinsonian tremor could not be found within the nucleus ventralis intermedius but rather at the base of the ventro-lateral thalamus, and especially in the area where cerebello-thalamic projections (in particular dentato-thalamic fibers) entered the thalamus [25] . Similar observations have been made in postmortem studies performed after ventralis intermedius stimulation [12, 18] .
In fact, direct targeting of different anatomical structures located within the subthalamic area has been suggested to result in superior tremor suppression, in particular for severe intention tremor. These favourable effects have been ascribed to the zona incerta, prelemniscal radiation (RAPRL), fields of Forel, but also the subthalamic nucleus [3, 5, 10, 28, 30, 33, 38, 40, 46, 47, 57, 58, 61, 62] . Thus, clearly distinct stereotactic targets located several millimeters apart have been suggested to result in best tremor suppression. This is illustrated in Laitinen's survey among neurosurgeons requested to indicate their preferred target for the treatment of Parkinsonian tremor [41] . Unfortunately, modern imaging modalities were not available at the time most operations were performed, thus, the exact site of lesioning performed in thousands of patients has to remain obscure. Nowadays, DBS has taken the place of lesioning [7, 55, 56, 59, 60] making bilateral operations feasible, and the selection of active contacts allows for spatial adjustments after the operation. In this study the actual position of implanted electrodes was determined retrospectively by stereotactic means and correlated with clinical efficacy in patients suffering from disabling bilateral intention tremor.
Patients and methods

Patients
Eleven patients (6 females and 5 males; mean and median age 61 and 66 yrs, respectively), with a long history (mean and median duration 28 and 25 years, respectively) of severe, disabling kinetic tremor (essential tremor (ET; n ¼ 8), multiple sclerosis (MS; n ¼ 2) and one with spinocerebellar ataxia) diagnosed according to the criteria of the Movement Disorder Society [14] were analysed retrospectively. Tremor involved postural, intention and usually head and other axial tremor, which were refractory to betablockers, primidone, anticholinergics, and clozapine. All patients operated at our institution for bilateral intention tremor for which lateralised tremor scores and the stereotactic position of electrode contacts could be obtained were included in this study.
Operative targeting and electrode implantation procedure
The ventro-lateral thalamus was targeted 13-15 mm lateral and 6-7 mm anterior to the posterior commissure at the intercommisural level depending on the width of the third ventricle and the inter-commissural length, respectively. In all patients, symmetric targets were chosen on the right and left side. 3D-planning of safe trajectories using a Windows NT-based StereoplanPlus 2.3 software (Stryker Leibinger, Freiburg, Germany) involved the avoidance of blood vessels, lateral ventricles, and sulci as depicted in Gadolinium-enhanced, volumetric T1-weighted MRI (1.0 mm slice thickness) acquired parallel to the inter-commissural plane with a Siemens Magnetom Vision 1.5-tesla MRI scanner (Siemens, Erlangen, Germany) in general anesthesia [20] . The T1-weighted-MRI is devoid of image distortion and, in all patients, the coordinates determined for the anterior and posterior commissure (anterior and posterior commissure, respectively) from T1WI-MRI were cross-checked with anterior and posterior commissure coordinates defined from stereotactic CT scans [19, 20] .
DBS-electrodes were implanted in local anesthesia following mapping of the target by micro-recording and micro-stimulation using 5 microelectrodes (10 M; FHC, Bowdoinham, USA) advanced in parallel using a multielectrode guiding system (MEAS, Stryker Leibinger, Freiburg, Germany). Recordings were started 8-10 mm above and terminated 3-5 mm below the inter-commissural level. Intraoperative on-line assessment of activity 750 displayed by oscilloscopes and the Axoscope software (Axon Instruments, Union City, USA) as well as audioequalizer monitoring was performed [19] . Tremor-synchronous neuronal activity and bursting cells were not only recorded in the ventro-lateral thalamus but also within the subthalamic area as described previously [1, 32, 49, 51, 61] . Thus, it is difficult to define precisely the base of the thalamus by neurophysiological means. Nonetheless, overall activity was reduced in the subthalamic area usually beginning within 1 mm from the inter-commissural level.
Micro-recording was followed by micro-stimulation at 130 Hz with 0.1-10 mA (Accupulser A310 and Stimulus Isolator A365, World Precision Instruments, Sarasota, FL) with evaluation of tremor and side effects. Micro-stimulation was usually performed 2-5 mm below the inter-commissural plane, at the level of the inter-commissural plane, and 2-4 mm above this level. Since the subthalamic region was not targeted intentionally this area was not evaluated systematically. The results of micro-recording and micro-stimulation were reassessed before one of the five trajectories was selected for permanent electrode implantation (model 3387; Medtronic, Minneapolis, MN) under fluoroscopic control. The frequency with which the different trajectories were chosen were as follows: central trajectory (n ¼ 10 electrodes), medial (n ¼ 5), posterior (n ¼ 2), anterior (n ¼ 2), lateral (n ¼ 2), and posteromedial placement as shown in Fig. 3A (n ¼ 1, left electrode). The depth of implantation was adjusted according to the area of best tremor suppression which was generally observed at the base of the ventro-lateral thalamus and in the subthalamic area, similar to Alusi et al. [3] . However, in most instances this area was only covered by the distal two contacts of the permanent electrode in order to miminize the risk of side effects which are more frequently observed with more ventral stimulation and to retain additional contacts within the ventro-lateral thalamus proper. Tremor control and potential side effects were re-evaluated intraoperatively by macro-stimulation with the screening device.
Tremor rating and postoperative stimulation
Tremor severity was rated according to the Fahn-TolosaMarin tremor rating scale [17] before operation and at least 3 months (in most patients >1 year) after electrode implantation. At the time the tremor was rated a postoperative thalamotomy-like effect ('Setzeffekt') which could be observed in almost all patients had resolved.
The efficacy of individual electrode contacts was assessed by determining a lateralised tremor score for the contralateral limb including items 5, 6, 8, 9, 11-14 of the Fahn-Tolosa-Marin tremor rating scale [17] . Postoperative improvements (as percentages) were calculated based on baseline values obtained preoperatively. All patients were right-handed, and test stimulation usually started with the left electrode. To allow for comparison, all contacts of an individual electrode were stimulated with the same parameters, i.e. the parameters resulting in most effective tremor suppression, and the optimal contacts were also chosen for all the other contacts. Stimulation was performed with 2.0-3.6 V, 60 msec, and 130-145 Hz. Permanent stimulation was performed with electrode contacts regarded optimal for bilateral stimulation, i.e. effective tremor suppression achieved with the least side effects [63] . The clinical effects remained stable with the contacts chosen for permanent stimulation.
Stereotactic position of electrode contacts
Stereotactic coordinates for individual electrode contacts were determined retrospectively by different approaches, i.e. correlation of pre-and postoperative T1WI-MRI (0.98 mm voxel size) and postoperative stereotactic skull X-ray [20] . It has been demonstrated that with both approaches comparable stereotactic coordinates will be obtained [20] . Nevertheless, the Xray-based approach may be regarded as being more straightforward and is beyond the suspicion of geometric inaccuracy [20] . Thus, the X-ray-based coordinates were used for further calculations and illustrations. However, in one patient, only MRI coordinates were available because a postoperative X-ray could not be obtained. Fusion of a postoperative MRI with a digitized Schaltenbrand and Wahren-atlas integrated into the Neuro Navigation System (Stryker Leibinger, Freiburg, Germany) was done by referencing different landmarks including AC, PC, and a mid-sagittal point allowing for linear adjustment and rotational correction of the atlas to adapt to the patient's MRI.
Results
In all patients tremor was improved substantially with DBS (cf. Table 1 ) and, to the extent assessed, this was associated with a marked gain in tremor-relevant activities of daily living (pre-and postoperative ADL scores 35=75 and 5=75, respectively, with data from five patients with essential tremor). Tremor suppression DBS for intention tremor remained stable during follow-up visits after at least one to several years after the operation. The extent of tremor suppression elicited by individual electrode contacts was grouped in four categories (Fig. 1) . To compare clinical effects with electrode location the stereotactic position of each contact was plotted into a commissure-based coordinate system (Fig. 1) . In general, distal electrode contacts were more effective than proximal contacts. Most effective tremor suppression (>75% postoperative improvement) was achieved at or below the inter-commissural plane (Fig. 1) . This is supported by comparison of contacts located dorsal and ventral to the inter-commissural plane. Tremor suppression was significantly better when stimulation was performed ventral (and Postoperative improvement in unilateral Fahn-Tolosa-Marin tremor scores achieved with the most effective contacts ('best') and contacts selected for chronic stimulation ('permanent'). The average position of respective electrode contacts is given in stereotactic coordinates indicating the distance (in mm) from the mid-commissural point (cf. more than 5 mm posterior) to the mid-commissural point (Fig. 2) . Approximation of all contacts to the Schaltenbrand and Wahren atlas suggests several subthalamic structures to be possibly involved in effective tremor suppression, in particular the prelemniscal radiation, the zona incerta, and cerebello-thalamic projections at the base of the ventro-lateral thalamus (Fig. 1) . Contacts projecting into the nucleus ventralis intermedius proper resulted in strikingly less tremor suppression (Fig. 1) . However, superiority of the two distal contacts was not observed in two patients. In the patient suffering from spinocerebellar ataxia the two proximal contacts of the left electrode resulted in better tremor suppression (50-75%) than the distal contacts (<50%). In one patient with essential tremor all contacts of the left electrode were similarly effective (only <50% tremor suppression).
In general, the best contacts ( Fig. 1 ) could be selected for permanent stimulation. In some instances, however, bilateral stimulation gave rise to adverse effects (paraesthesiae, dysarthria, and gait ataxia), while more proximal contacts had to be chosen for chronic stimulation. The mean and median z-values (dorsal-ventral axis) of the most effective vs. permanent stimulation site differed by 0.8 and 0.5 mm, respectively (stereotactic coordinates for both stimulation sites are summarised in Table 2 ). As summarised in Table 1 , overall tremor improvement was affected only little by using 'permanent' instead of 'best' contacts. With permanent DBS intention tremor on the left and right body side was improved by 63 and 68%, respectively ( Table 1 ). The average stereotactic position of the most effective contacts was comparable on the right and left side (Table 1) .
In contrast to the subthalamic nucleus or globus pallidus internus, different ventro-lateral thalamic subnuclei and the subthalamic area cannot be delineated by MR imaging. Thus, the anatomical position of DBS electrodes cannot be determined directly from these images. However, the anatomical position of electrode contacts may be estimated from a digitized Schaltenbrand and Wahren atlas provided that an appropriate correlation of the postoperative MRI with the atlas can be achieved. In Fig. 3 , MR-images indicating the DBS electrodes of three patients are presented. Sagittal reconstructions of the postoperative T1WI-MRI were correlated with the Schaltenbrand and Wahren atlas (12 mm lateral) as described in Patients and methods. The artifacts generated by individual electrode contacts can be distinguished.
In patient number 1 ( Fig. 3A and B) , the left active contact (Fig. 3A, indicated by an arrowhead) resulting in best suppression of head and contralateral intention tremor projects into the subthalamic area. The contact below (Fig. 3A, indicated by a star) was slightly more effective but also elicited side effects. Stimulation on the right side proved best with the lowest contact which is located at the base of ventralis intermedius. During the operation implantation of the right electrode was followed by an immediate thalamotomy-like effect with a decrease in contralateral intention tremor which was improved with macro-stimulation. On the left side, symmetric targeting resulted in side effects including dysarthria and vertigo without tremor reduction during microstimulation. The target was moved 2 mm medial and 4 mm posterior where macro-stimulation induced rightsided paraesthesiae, and, with higher amplitudes, tremor reduction, but also mild dysarthria, sweating, tonic extension of the hallux, and ocular deviation to the right. Renewed insertion of the electrode 4 mm medial and 2 mm posterior to the original track resulted in good control of head and contralateral limb tremor after the electrode had been advanced below the thalamus.
In patient number 2, the active contacts of the left and right electrode (Fig. 3C and D, respectively) project onto the base of ventralis intermedius and base of ventralis intermedius=subthalamic area, respectively. In patient number 10, the active contacts of the left and right electrode ( Fig. 3E and F, respectively) project into the subthalamic area touching the base of nucleus ventralis intermedius.
Discussion
In this study the position of DBS electrode contacts was analysed systematically with respect to their efficacy on severe intention tremor as rated by a lateralised Fahn-Tolosa-Marin tremor score. The actual site of stimulation was determined by stereotactic means since mere assumptions about the (intended) position of electrode contacts, as frequently presented, have to be regarded as highly imprecise. Our data suggest that distal electrode contacts located below the inter-commissural plane, i.e. in the subthalamic area, were most effective in suppressing intention tremor. Proximal electrode contacts had little if any effect on tremor, although, most of these contacts projected into the ventro-lateral thalamic nuclei proper, in particular the nucleus ventralis intermedius. Notably, in most patients a clear pattern was observed with tremor improvement gradually increasing from dorsal to ventral placement. Thus, our data corroborate the concept that the subthalamic area is superior to the ventralis intermedius nucleus in suppressing severe 754 intention tremor. This has been proposed almost since ablative procedures in the ventro-lateral thalamus had become an established treatment, and this is supported by the fact that the electrical energy required to excite myelinated fibre tracts is lower than that required for somata [3, 5, 10, 30, 46, 47, 57, 58, 61, 62] .
Since the distal contacts often proved most effective it remains unclear whether deeper electrode insertion could have resulted in even superior tremor suppression in some patients. In fact, the subthalamic area was not targeted deliberately and the four contacts of the permanent electrode were not centered in the area of best tremor suppression as identified by intraoperative micro-stimulation which, in most instances, was below the inter-commissural plane. However, deeper electrode insertion and even more ventral (postero-medial) stimulation are more likely to be limited by adverse events. In contrast to the ventro-lateral thalamus, targeting of the subthalamic area bears a higher risk of dysarthria, paraesthesiae, and gait ataxia which is pronounced with bilateral stimulation (possibly mimicking a bilateral subthalamotomy) [56, 68] . In some instances, side effects required permanent stimulation with a contact proximal to the optimal contact which, however, had only a slight effect on postoperative tremor improvement.
In a recent study, the optimal target for essential tremor was located 6.3 mm anterior to the posterior commissure and 12.3 mm lateral to the midline which is similar to our data [52] . The most effective electrode contacts clustered at and below the inter-commissural plane. Although, the location of effective contacts varied in the dorso-ventral direction at least as much as in both other directions, this important axis had not been addressed and different electrode contacts of the same electrode have not been compared. Nonetheless, most effective contacts were located close to and below the inter-commissural plane, and this appears similar to the position of nucleus ventralis intermedius electrodes in tremor patients reported by Benabid et al. [8] . It has to be taken into account, however, that the latter study (as many others) also included Parkinsonian tremor. This tremor entity is much more amenable to surgical interventions than severe and proximal intention tremor.
In fact, several facts indicate that a proper target for (distal) resting and postural (Parkinsonian) tremor may not suffice for severe (proximal) intention tremor [3, 8, 28] . Correct targeting of the ventro-lateral thalamus has been reported to result in insufficient intraoperative tremor control [6, 29, 36, 37, 64] , and superior effects on severe intention tremor in ET and MS have been ascribed to DBS in the posterior subthalamic white matter [3, 36, 45, 48, 53] . In one of our patients we did not achieve sufficient tremor control until the left electrode which had been inserted properly into the ventro-lateral thalamus was repositioned to be finally placed into the subthalamic area [21] . Kitagawa et al. reported about a patient in whom DBS in the subthalamic area could suppress intention tremor which was controlled insufficiently following a previous thalamotomy [36] . Furthermore, intraoperative test stimulation performed by Alusi et al. revealed that suppression of intention tremor (in MS patients) was achieved at lower voltages when performed ventromedial to and up to 13 mm apart from the intended target in the ventro-lateral thalamus [3] . Whittle et al. described in 12 tremor patients suffering from MS an optimal target in the subthalamic area (2.5 mm ventral to the inter-commissural plane) which was located slightly more lateral (13.5 mm) than our mean target [66] . This may be related to the increased width of the third ventricle in this disease. Interestingly, the target was located only 2 mm posterior to the midcommissural point. Thus, this target is located more anterior than our target, and projects clearly into the zona incerta and the area of cerebello-thalamic projections.
The perception of distinct target areas for tremor suppression also gain support from observations in patients with severe post-traumatic intention tremor. Thermocoagulations in the subthalamic area (zona incerta) combined with lesions in the ipsilateral ventro-lateral thalamus proved superior to single lesions and resulted in good long-term effects [40] . Furthermore, the comparison of thalamic targets between two different centers revealed that more ventro-postero-medial stimulation was more effective in suppressing choreic peak dose dyskinesias, and a role of the centre median and parafascicularis complex was suggested [11] .
The exact pathophysiological mechanisms and anatomical structures driving different types of tremor remain a matter of debate [15] . Efficient suppression of intention tremor may be mediated by different structures contained in the subthalamic area, e.g. the zona incerta known to harbour tremor cells, the fields of Forel H 2 , the prelemniscal radiation, and, possibly, dorsal parts of the subthalamic nucleus [5, 10, 30, 36, 38, 46, 47, 57, 58, 61, 62] . Notably, with DBS in the subthalamic area efferents from deep cerebellar nuclei will be modulated along their course through the prerubral field and along the zona incerta [24, 44, 54] . In addition, the prelemniscal radiation has been regarded to be part of an extralemniscal, reticulothalamic system mediating selective DBS for intention tremor propriceptive attention and tremor, and this site has been propagated to be superior to ventralis intermedius lesioning for the treatment of (Parkinsonian) tremor [61, 62] . In addition, concomitant modulation of projections from= to the reticular formation (e.g. to ventralis intermedius) and the red nucleus as well as proprioceptive muscle spindle afferents may occur [24, 54] . Superior suppression of intention tremor in the subthalamic region has been related to the fact that proximal muscle groups (paraspinal, limb girdle) used for locomotion, reaching, and axial movements are rather controlled by upper brain stem structures, whereas the predominant control of distal muscles is exerted by thalamocortical pathways [3, 24, 42, 54] .
In one of our patients, best anti-tremor effects were observed with both proximal contacts of the left electrode, and, at least for the left electrode, stimulation was performed within the ventro-lateral thalamus, most likely ventralis intermedius. Although, postoperative tremor improvement did not exceed 75% this raises the possibility that in some instances more dorsal stimulation may be advantageous. Similarly, in few other studies contacts located within the thalamus were more effective in suppressing intention tremor [50, 67] . Recently, it has also been suggested that the optimal site for nucleus ventralis intermedius stimulation is located anterior and dorsal to the site where a thalamotomy had been performed [35] . Regarding tremor suppression by the ventro-lateral thalamus proper, one of several mechanisms hypothesized is based on inhibitory afferents (e.g. from the thalamic reticular nucleus) which are activated by DBS and possibly suppress thalamic neuronal activity by release of GABA [16] .
Taken together, our data corroborate the concept that the subthalamic area is a superior target for the alleviation of severe intention tremor. Although, most centers target (the base) of the ventro-lateral thalamus (ventralis intermedius) we suppose that effective DBS for severe intention tremor in reality often involves unintentional targeting and stimulation of the subthalamic area.
